In the present study, 6061/SiC composite synthesized using the liquid metallurgy route was heat treated using four different heat treatment cycles. The heat treatment cycles were selected so as to change characteristics and the extent of precipitation in the metallic matrix. Superficial Rockwell hardness measurements and tensile testing conducted on all the four sets of differently heat treated samples revealed a linear correlationship. The results were rationalized placing particular emphasis on the microstructural events associated with the motion of dislocations and the magnitude of the resistance to the motion of dislocations under variably precipitation hardened composite matrix.
INTRODUCTION
In recent years metal matrix composites (MMCs) are increasingly being cited as the potential materials for a number of applications ranging from the sports sector to the space sector /1-3/. There has, however, been a cautious approach so far to the use of metal matrix composites in the critical applications. One of the major factors that contributes to this is the unavailability of simple expressions that can correlate the mechanical properties such as strength with the easyto-measure properties such as hardness with sufficient accuracy. Such relationships are well established for conventional unreinforced materials such as steels providing the user a sense of reliability and confidence IM. It may be noted that strength based designs still dominate in most of the engineering component design methodologies.
Unlike conventional materials, metal matrix composites represent the combination of two mechanically distinct materials, that is, metals/alloys and ceramics. The prediction of the mechanical behavior can thus be complex and may depend on a number of factors such as processing technique /1,5,6/, reinforcement type, size and volume fraction /7,8/, matrix chemistry 111 and heat treatment procedure 19-11/. Several models have been proposed to predict mechanical properties such as elastic modulus III and particularly the yield strength as a function of shape and volume fraction of the reinforcement (continuum mechanics models) /12-14/ and particulate spacing (dislocation based models) /15,16/. Most of these models compute the strength at low strain levels and the strength values thus obtained were not always in good agreement when compared to the experimentally observed values /1,17/. Similarly, efforts were also made to predict the work hardening characteristics of the composite materials /9-11/. The inspection of available scientific literature, however, revealed that no attempt has been made to predict the strength of the composite material at high strain levels such as ultimate tensile strength either theoretically or empirically as a function of the bulk hardness.
Accordingly, the present study was undertaken to determine the mechanical properties of a 6061/SiC composite subjected to different heat treatment cycles. The heat treatment procedure was designed so as to change the extent of precipitation and hence the Vol. 17, No. 4, 1998 
EXPERIMENTAL PROCEDURE Materials
The nominal composition of the matrix alloy (commercially designated as AA6061) used in the present study was (in wt. %): 0.6Si -l.OMg -0.2Fe -0.25Cu -0.25Cr -Al (bal.). Silicon carbide (a-SiC) particulates with an average size of 54 μπι were selected as the reinforcement phase. The nominal composition of SiC particulates was (in wt. %): 0.75Si0 2 -0.4C -0.2A1 2 0 3 -0.6Si -0.05Fe20 3 -SiC (bal.).
Processing
The synthesis of the metal matrix composites used in the present study was carried out according to the following procedure. The metal ingots, prior to melting, were treated with warm alkaline solution and washed with a mixture of acids in order to reduce the thickness of the oxide film and to eliminate other surface impurities. The cleaned metal ingots were melted under a cover of nitrogen gas in order to minimize the oxidation of molten metal. SiC particulates, preheated to 900°C, were then added into the molten metal stirred using an impeller. The melt was alloyed with small amounts of Mg and Zr (Mg + Zr < 1 wt. %) in order to improve the wettability of SiC particulates. The composite melt thus obtained was poured into cylindrical cast iron molds. In all the cases, residence time of SiC particulates in the melt was maintained between 10 and 15 minutes. The as-cast composite bars were homogenized at 540°C for 3 hours and then extruded at 500°C in order to close the residual porosity. The extrusion ratio obtained was 10:1.
Quantitative Assessment of SiC particulates
Quantitative assessment of SiC particulates in the conventionally cast composite samples was carried out using a chemical dissolution method. This method involved: i) measuring the mass of composite samples, ii) dissolving the samples in hydrochloric acid, followed by iii) filtering to separate the ceramic particulates. The particulates were then dried and the weight fraction determined 15,61.
Density Measurement
Density measurements were carried out in order to ascertain the volume fraction of porosity in the composite samples following extrusion. Density measurements were carried out using Archimedes' principle following the procedure as discussed in References 151 and 161.
Heat Treatment Studies
Heat treatment studies were carried out in order to vary the microstructural characteristics of the metallic matrix. The heat treatment behavior of the 6061/SiC composite was assessed by carrying out artificial aging studies. The procedure involved solutionizing of specimens (10 mm diameter χ 6 mm height) taken from extruded rods for one hour at 530°C, quenching in cold water and aging at 177°C for various intervals of time. Superficial Rockwell hardness measurements were made for different artificial aging times on a GNEHM 160 Digital Hardness Tester using 1.58 mm diameter steel ball indenter with 15 kg load. Based on the results obtained, four different heat treatment conditions were selected for the purpose of tensile testing. Details of these heat treatment conditions are listed in Table 1 .
Microstructural Characterization
Microstructural characterization studies were conducted on the differently heat treated composite samples in order to investigate the distribution of SiC particulates, SiC-matrix interfacial integrity and the presence of porosity. 
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Mechanical Behavior
The smooth bar tensile properties were determined on the differently heat treated composite specimens following ASTM standard E8-81. Tensile tests were conducted using an automated servohydraulic Instron testing machine on 4 mm diameter specimens using a crosshead speed of 0.254 mm per minute.
RESULTS
Quantitative Assessment of SiC Particulates
The results of acid dissolution experiments conducted on the composite samples revealed the weight percentage of SiC particulates to be approximately 12.2%.
Density Measurement
The results of density measurements conducted on the extruded composite specimens revealed a density value of 2.63 g cm" 3 . The volume percent of the porosity computed using the experimentally determined density value and the result of acid dissolution tests was found to be 4.37%.
Heat Treatment Studies
The results of aging studies conducted on the solutionized composite samples are shown in Fig. 1 . The results revealed the presence of a well defined hardness peak at an aging time of 6 hrs. Based on these results underaging (4 hrs aging time) and overaging (12 hrs aging time) conditions were selected (see Table  1 ). The selection of underaging and overaging conditions was made so as to have significant micro structural changes in the matrix (especially in terms of size and coherency of the precipitates) but similar bulk superficial hardness. For the peak aging condition, an aging time of 6 hrs rather than 10 hrs was selected (see Fig. 1 ). This was done since the microstructural 
Microstructure
The results of microstructural characterization studies carried out on the differently heat treated samples revealed the following: a) completely recrystallized matrix, b) banded distribution of SiC particulates in the direction of extrusion, c) limited presence of SiC clusters, d) presence of porosity predominantly associated with SiC clusters, and e) partially debonded 6061/SiC interface in the case of some of the SiC particulates (see Fig. 2 ). In addition, the underaged, peak aged and overaged samples also revealed the increased presence of Mg based phases when compared to the as-solutionized samples. The Mg based intermetallics were found to be invariably surrounded by a bright solute rich zone. The results of EDS analyses conducted in the near vicinity of SiC particulates revealed the enriched presence of silicon in all the four differently heat treated composite samples.
Mechanical Behavior
The results of ambient temperature testing on the differently heat treated composite samples are summarized in Table 2 . The results in Table 2 reveal that strength values of the underaged, peak aged and overaged samples were invariably superior when compared to the as-solutionized specimens. There was however no clear trend between strength [0.2% yield stress (0.2% YS) and ultimate tensile strength (UTS)] and failure strain values from underaged to peak aged to overaged conditions.
DISCUSSION
Bulk hardness and ultimate tensile strength, in common, determine the plastic flowability, however, under somewhat different loading conditions. While hardness is a measure of resistance of the plastic flow of the material under localized loading conditions, ultimate tensile strength, on the other hand, measures the plastic flowability of the bulk material under uniaxial tensile loading conditions.
In the present study, the processing of composite material, type, size and volume fraction of reinforcement, distribution of reinforcement, extent of porosity 
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and SiC-6061 Al interfacial integrity were all identical. The only difference that was created by subjecting the composite samples to various heat treatment cycles was in the form of characteristics of the precipitated phase and the extent of precipitation. In order to understand the variation in characteristics and type of precipitates in the metallic matrix it is essential to know the type of precipitates and their sequence of precipitation in the case of unreinforced and reinforced 6061 alloy. In the studies conducted by various research groups, it has been convincingly established /18-20/ that precipitation sequence of reinforced 6061 Al alloy is identical to that of the unreinforced 6061 Al alloy. Based on these studies /18-20/, the precipitation sequence in the case of the 6061 Al alloy system can be represented as:
supersaturated solid solution -» coherent GP zones -> needle shaped β" phase (coherent/ semicoherent) -> rod shaped β' hexagonal semicoherent phase (primary strengthening phase) -> equilibrium and incoherent platelet shaped β (Mg 2 Si) phase.
This already established precipitation sequence in the case of unreinforced and reinforced 6061 alloys indicates that in the present study the as-solutionized samples must have no precipitates except for limited presence of GP zones that may form immediately following quenching /18/. The underaged specimens, in the light of the above indicated precipitation sequence, will have the predominant presence of coherent/semicoherent GP zones and the limited presence of β' or β phase, while the peak aged specimens will have the predominant presence of β' phase and the overaged samples will have predominantly equilibrium β phase /19/ in the metallic matrix.
The presence of different combinations and types of precipitates under different heat treatment conditions indicates that the events associated with the motion of dislocations and the nature of resistance to the ease of their motion in the metallic matrix under the application of load will be different in all the four heat treatment conditions investigated in this study. For example, in the as-solutionized condition the frictional resistance to the dislocation motion will govern the plastic deformation /21/ while in the underaged, peak High Temperature Materials and Processes aged and overaged conditions, the coherency/ incoherency, size and volume fraction of precipitates will determine the extent of resistance to dislocation motion /21,22/. It may be noted that the events associated with the motion of dislocations upon its interaction with the precipitates of different characteristics are predominantly shearing in the case of underaged specimens, shearing/looping in the case of peak aged specimens and looping/tearing of matrix in the case of overaged samples /21/,22/. Irrespective of the difference in which the motion of dislocation is resisted in the metallic matrix that is either due to the presence of alloying elements in solid solution or in the form of different types and combination of precipitates, the magnitude of the resistance to the dislocation motion will decide the flowability of the metallic matrix irrespective of the type of loading conditions. Since hardness and ultimate tensile strength measure the plastic flowability of the material, in common, it is apparent that there should be a simple correlationship between the two, especially when the size, type and distribution of the ceramic reinforcement, SiC-6061 Al interfacial integrity and porosity levels are maintained identical. In order to establish this argument similar hardness conditions were selected to test underaged (predominance of coherent or semicoherent phases) and overaged (predominance of incoherent equilibrium phases) samples. The relationship between superficial Rockwell hardness and ultimate tensile strength is graphically shown in Fig. 3 for all the four different heat treatment conditions. The curve fit obtained between superficial Rockwell hardness (H) and ultimate tensile strength (UTS) can be represented as follows:
where r is a statistical coefficient indicative of the degree of curve fit obtained with the experimental data points. For example, a value of r = 1 indicates a perfect curve fit. The results shown in Fig. 3 clearly revealed a straight line relationship and in particular similar strength levels in both underaged and overaged conditions. In essence, the results of superficial hardness measurement and tensile testing conducted on ingot metallurgy processed 6061/SiC composite material indicates that:
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Effect of Precipitation on the Bulk Hardness and the Ultimate Tensile Strength of a 6061/SiC Composite
CONCLUSIONS
The results obtained in the present study convincingly established the linear relationship between bulk hardness and the ultimate tensile strength of a 6061/SiC composite subjected to different heat treatment conditions. The results farther indicate that both bulk hardness and ultimate tensile strength are governed by the resistance to the motion of dislocations in the metallic matrix rather than on the mode in which their motion is restricted in the metallic matrix.
